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Niemann-Pick disease (NPD) is a rare lysosomal storage disease caused by deficient activity of acid sphingomyelinase (ASM; sphingomyelin phosphodiesterase; EC 3.1.4.12) and the accumulation of sphingomyelin within cells of the monocytemacrophage system. 1 Types A and B NPD are inherited as autosomal recessive traits, and result from allelic mutations in the ASM gene (SMPD1). Type A disease, which has an Ashkenazi Jewish predilection, is a fatal neurodegenerative disorder of infancy. In contrast, type B NPD (NP-B), which is panethnic, is characterized by phenotypic heterogeneity and the absence of central nervous system involvement in most patients. Type C disease is biochemically, genetically, and clinically distinct from type A disease and NP-B and is caused by mutations in the NPC1 or NPC2 genes, which results in a disruption of intracellular cholesterol transport.
Common clinical manifestations of NP-B are hepatosplenomegaly, hyperlipidemia, and infiltrative pulmonary disease. Other features that have been reported include liver dysfunction, cardiac disease, retinal stigmata, growth retardation, and skeletal manifestations including osteoporosis and osteopenia. [2] [3] [4] [5] [6] [7] In addition, there is a subset of variant patients who survive early childhood but have progressive neurologic findings including ataxia, variable degrees of developmental delay, and peripheral neuropathy. 8, 9 Accompanying this marked phenotypic variability among patients with NP-B is a broad range of disease severity. For example, age at clinical presentation can range from early childhood to the fourth or fifth decades of life.
Some patients have massive organomegaly, whereas others have only minimal splenic enlargement. 10 Although there have been single case reports of deaths in patients with NP-B, to date there has been no systematic evaluation of the causes of mortality. In this article, we summarize the major morbidities in a series of 103 patients with NP-B who were evaluated at our center and describe the age and cause of death in 18 patients who died during the course of the study.
MATERIALS AND METHODS

Study subjects
A total of 103 patients with NP-B (49 males, 54 females, age range: 1-72 years) participated in natural history studies as part of Mount Sinai's International Center for Types A and B Niemann-Pick Disease. These studies were carried out at the Mount Sinai General Clinical Research Center between 1992 and 2012. The studies were approved by the Mount Sinai School of Medicine Institutional Review Board. All participants gave voluntary, written informed consent and minor assent as appropriate to participate and to allow the study team to maintain contact with them. The diagnosis of NP-B was confirmed in each patient by the demonstration of reduced ASM activity in isolated leukocytes and/or cultured skin fibroblasts and by the identification of two diseasecausing ASM mutations as previously described. 10 At entry, 61 patients were in the pediatric age group (<21 years of age) and 42 were adults. The upper cutoff for the pediatric age Original research article group was 21 years of age because many patients with NP-B have delayed puberty. 6 The majority of patients were of mixed European/Caucasian descent; several were Ashkenazi Jewish; and others were of Middle Eastern or Hispanic/Caucasian descent. To calculate age at last follow-up, we used age at last visit for living patients or age at death for deceased patients. Table 1 provides an overview of the characteristics of the living and deceased patients.
Clinical studies
Detailed medical histories were obtained for all patients on entry into the study including age at diagnosis, information about previous medical and surgical histories, concurrent illness, and splenectomy status. Interim medical history also was obtained at the time of each subsequent visit. In addition, patients frequently contacted the investigators between visits when their clinical status changed. All patients underwent a complete physical examination at the time of each visit as well as extensive clinical evaluation, as has been previously reported. 10, 11 Results of quantitative magnetic resonance imaging or computed tomography scans to measure liver and spleen volumes were available for 48 patients.
Causes of death
Causes of death were learned about from family members or the local treating physician. In some cases, families shared postmortem reports with us. However, some of the deceased patients did not have autopsies, so family member-reported data were used for "cause of death. "
Statistical analysis
All data are displayed as means and SDs for continuous variables and frequency and percentages for categorical variables. Kaplan-Meier curves were constructed to estimate the cumulative survival probability for the whole sample and the pediatric patients.
RESULTS
Morbidity
All affected patients in the cohort displayed some combination of the common clinical manifestations of NP-B, including splenomegaly, thrombocytopenia, interstitial lung disease, atherogenic lipid profile, osteoporosis or osteopenia, and short stature. Eight had a constellation of neurologic findings including gross motor delay, ataxia, and learning disability that placed them in the variant NP-B category. In addition to these typical disease manifestations, other significant clinical events occurred in many patients and are summarized in Table 2 .
Six patients had fulminant liver failure and in addition, three others had evidence of cirrhosis on liver biopsy. Other causes of hepatic injury, such as chronic hepatitis, were excluded. Of those with liver failure, two received successful orthotopic liver transplants at 12 and 25 years of age and remain alive and the third patient is being evaluated for transplant. The remaining three, none of whom received a transplant, died from liver failure, including a 16-year-old girl who also had acute promyelocytic leukemia. Five patients had moderate to severe valvular heart disease. One of these patients required an aortic valvuloplasty and died in the postoperative period of uncontrollable bleeding; another received an aortic valve replacement at the age of 26 years but ultimately died of heart failure in her 60s; and the third had both mitral and aortic valve replacements in adulthood and died decades later from pneumonia. Four patients (age range 30s-50s) had significant coronary artery disease, one of whom underwent bypass surgery in his early 40s.
Seven patients had clinically significant bleeding: a teenager had recurrent episodes of epistaxis severe enough to necessitate several hospitalizations and multiple blood transfusions; two patients had epidural bleeds after childhood trauma; two other patients had subdural bleeds, one of which was fatal; and one patient died from postoperative bleeding after valvular heart surgery. One patient was also diagnosed with von Willebrand disease. All four patients who had oxygen-dependent pulmonary disease died during the course of the study, two from pneumonia. One patient was diagnosed with systemic lupus erythematosis at about 21 years of age and developed petit mal seizures several years later. Another had recurrent bouts of idiopathic thrombocytopenic purpura. Three patients had cholelithiasis requiring removal of the gallbladder. Pathologic skeletal disease was present in three patients. Of the three patients, one suffered multiple pathologic compression fractures of the spine starting in her 40s, another had recurrent lower extremity fractures in the first 2 years of life, and the third had two pathologic fractures in adulthood. Six patients had significant psychiatric disease, including two with major depression requiring inpatient hospitalization. Two patients were diagnosed with cancer, a 16-year-old girl with acute promyelocytic leukemia and a woman who developed liver cancer at the age of 64.
Mortality
As summarized in Table 1 , 18 patients died during the study period. Age of death ranged from 2 to 72 years of age; the Original research article mean age of death was 25 years and the median age of death was 17 years. Of the 18 patients who died, 12 (67%) were ≤21 years of age, which represented 19% of the pediatric cohort. Six of the deaths occurred in patients older than 21, representing 14% mortality in the adult population. Altogether, 9 of 54 females (16.7%) and 9 of 49 males (18%) died. The median age at diagnosis in the live population was 4 years versus 2 years in the deceased population. Figure 1a shows the percentage of patients surviving over time for the entire NP-B cohort. The majority of deaths occurred in patients younger than 21 years of age. Figure 1b shows the survival distribution function for the pediatric population.
Causes of death
The age at death, cause of death, spleen status, and major morbidities for the 18 patients who died are summarized in Table 3 .
The most common cause of death was pneumonia/respiratory failure (n = 5). Three patients died from liver failure and three died from complications following bone marrow transplant.
The following were the causes of death in one patient each: postoperative bleeding, splenic vein tear, liver cancer, low-output heart failure, multiorgan failure, and subdural bleed. The cause of death was undetermined in one patient.
Associations with spleen status
Splenectomy status was recorded in all patients, and quantitative spleen volume was obtained in 48 of them. In our study, seven patients with NP-B had undergone total splenectomy. Four of the seven splenectomized patients died (57%), as compared with 14 of the 95 non-splenectomized patients (14%; difference not statistically significant Liver disease (9) Liver failure (n = 6) 3 3
Cirrhosis (n = 3) 3
Cardiac disease (9) Valvular heart disease (n = 5) 2 3
Coronary artery disease (n = 4) 4
Bleeding disorders (7) Postoperative hemorrhage (n = 1) 1
Epidural hematoma (n = 2) 1
Subdural hematoma (n = 2) 1 1
Severe epistaxis (n = 1) 1
Von Willebrand disease (n = 1) 1
Oxygen-dependent pulmonary disease (4) 4
Autoimmune disease (2) Systemic lupus erythematosus (n = 1) 1
Idiopathic thrombocytopenic purpura (n = 1) 1
Cholelithiasis ( 
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The Q292K mutation, which has been associated with variant type B NPD, 9 was present in homozygosity in one deceased patient and in the heterozygous state in one deceased and one alive patient. Both of these deceased patients had variant NP-B, but the patient who is alive has no neurological involvement.
DISCUSSION
In this article, we provide the first report of the serious and lifethreatening morbidities and causes of death in a large cohort of 103 patients with NP-B who have been followed at the Mount Sinai International Center for Types A and B Niemann-Pick Disease. Previously, reports of morbidity and mortality in this population have been limited to single case reports. Therefore, this study provides the first detailed description of the major morbidities and causes of death in NP-B.
Serious morbidities included clinically significant hepatic, cardiac, and pulmonary disease, each of which also contributed to some patient deaths. With regard to liver involvement, although most affected patients with NP-B manifest stable elevations of hepatic transaminases and bilirubin, 11 in the series reported here, nine patients (8.7%) had clinically significant liver disease. In addition to two pediatric patients who died from liver failure, one adult also succumbed to end-stage liver disease, two others had acute liver failure but underwent successful liver transplantation, and a third living patient is currently undergoing evaluation for transplantation; three others had histologic evidence of cirrhosis. Of note, four of the six patients with liver failure presented with this finding in childhood and the remaining two presented in early adulthood, suggesting that there may be a subset of patients who are at increased risk for early, fulminant liver failure. Indeed, severe liver disease in NP-B has been previously reported in children with fatal hepatic failure 12 and in adults with cirrhosis and portal hypertension. 13 More recently, 17 patients with NP-B underwent liver biopsies during screening for a phase 1 single ascending dose clinical trial of rhASM, and 15 (88%) were found to have hepatic fibrosis ranging from grade 1 to grade 4 (frank cirrhosis).
14 On the basis of these observations it is possible that pathologic intralysosomal storage of sphingomyelin may provoke a fibrotic reaction in the surrounding tissues, leading to progressive liver dysfunction, possibly compounded by inflammation. Given these findings and the observations noted in the patient population reported here, it is reasonable to conclude that liver disease is a significant cause of morbidity and mortality in NP-B.
Cardiac disease included valvular heart disease as well as coronary artery disease. The latter is presumably related to the 
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Original research article atherogenic lipid profile found in most affected patients with NP-B, 15 whereas the precise mechanism for valvular heart disease is not known. In one patient who underwent valve replacement, progressive heart failure was present that ultimately led to her death, and a pediatric patient with valvular heart disease died of postoperative bleeding.
Psychiatric disease was present in six patients, with two requiring inpatient hospitalization for major depression. Although the overall prevalence (6%) is similar to that of the general population, further studies are necessary to assess the severity and potential relationship to NP-B.
Of interest, only four of the patients studied had oxygendependent pulmonary disease, despite the fact that progressive pulmonary disease is a well-described feature of NP-B. Pulmonary function testing typically shows a restrictive pattern of lung involvement with abnormal diffusing capacity, compatible with interstitial lung disease. 8 Chest radiographs in affected patients reveal interstitial infiltrates with reticulonodular changes and areas of ground-glass density that may be out of proportion to clinical findings. 16 Severely affected patients may exhibit cough, shortness of breath, and recurrent respiratory infections, 17 and some patients develop chronic oxygen dependence with progressive pulmonary failure. 18 The pathophysiology of the pulmonary disease is presumably related to the accumulation of sphingomyelin in the alveolar macrophages, although studies in the ASM knockout mouse also have shown that inflammation, abnormal surfactant catabolism, and abnormal surfactant composition all contribute to lung abnormalities. 19, 20 Similarly, lung biopsies in adults with NP-B have shown endogenous lipid pneumonia, interstitial fibrosis, and accumulation of foamy macrophages. 21 Therefore, the lung is a target organ of the disease and contributes to the morbidity and mortality in patients with NP-B. Notably, two of the four oxygen-dependent patients in this series also required heart valve replacements, and all four are deceased.
Of the 18 deaths, the majority (n = 12) occurred in patients <21 years of age, yielding a mortality rate of 19% in the pediatric population. The survival curve suggests that there are two cohorts of patients: those with more severe disease who have a higher mortality rate during childhood and those with milder disease who are more likely to survive into adulthood. This high mortality rate provides evidence that NP-B is a serious, potentially life-threatening pediatric disorder. Five of the pediatric patients succumbed to complications directly attributable to their disease: fulminant liver failure (n = 2) and pneumonia (n = 3). However, three of the 12 pediatric deaths resulted from complications of bone marrow or stem cell transplants, suggesting that the risk-benefit ratio of these procedures must be carefully considered in this patient population. Of note, seven of the 12 pediatric deaths occurred in children with variant NP-B, suggesting that neurological involvement in pediatric patients with NPD B may be associated with early mortality, possibly because of increased overall disease severity in these children. Also notable was the finding that three deaths resulted from bleeding, one from uncontrollable postoperative hemorrhage, another from subdural hematoma suffered after horseplay with a sibling, and the third from a catastrophic abdominal bleed from a torn splenic vein.
We also investigated whether patients with NP-B who had undergone splenectomy had higher mortality than non-splenectomized patients. Splenomegaly is a typical feature in NP-B, ranging from minimal enlargement to >30 multiples of normal. 10, 11 Biopsies of the spleen in patients with NP-B demonstrate infiltration with foamy cells, representing sphingomyelin storage within the splenic macrophages. The degree of enlargement may thus represent the body's sphingomyelin burden and overall disease severity, and we have previously demonstrated correlations between the degree of splenomegaly and pancytopenia, pediatric growth restriction, skeletal involvement, and pulmonary compromise. 10 Of note, 57% of the splenectomized patients in our cohort died, versus 15% of those with intact spleens, suggesting an association, although the sample size was not large enough to achieve statistical significance. The deaths in the splenectomized patients were due to variable causes: two adult patients died of pneumonia, one child died from postoperative bleeding during aortic valve replacement, and a teenager died from liver failure and leukemia. Thus, it is possible that the observed higher incidence of death in the splenectomized population is due to chance or reflects the presence of more severe systemic disease among patients referred for splenectomy. However, it is also possible that splenectomy is an independent risk factor for mortality in patients with NP-B. In our cohort, all four splenectomized patients who died had their spleens removed in childhood on the advice of their local physicians because of the degree of splenomegaly rather than any definitive medical indication such as severe thrombocytopenia. As has been observed in splenectomized patients with type 1 Gaucher disease, who have been shown to have lower bone densities, a greater risk of life-threatening pulmonary hypertension, and a lower life expectancy as compared with nonsplenectomized Gaucher patients, it is possible that removal of the spleen eliminates an important reservoir for substrate accumulation that leads to acceleration of disease in other organs such as the lung. [22] [23] [24] Given the limited information currently available on NP-B, it is difficult to determine whether splenectomy directly impacts the progression of disease.
In conclusion, this study demonstrates that NP-B is a lifethreatening disorder associated with significant morbidity and mortality, especially in the pediatric population. The information collected in this series highlights the need for safe, effective therapy for NP-B and suggests that the goals of treatment should be to reduce splenomegaly, improve liver function, and improve respiratory status, with the ultimate goal of reducing serious morbidity and mortality. 
